The transport of ions and glucose across bilayer lipid membranes (BLM) facilitated by amphotericin B (AmB) is studied by use of planar BLMs and liposomal membranes. The transport characteristics change with time in the presence of cholesterol, while it is independent of time in the absence of cholesterol. The carrier-type transport is observed immediately after the addition of AmB. In the presence of cholesterol, AmB forms a 1:1 complex with cholesterol and the channel is formed by aggregation of AmB-cholesterol complexes. It is concluded that the number of the channels increases with time and that the carrier-type transport decreases instead.
Introduction
Amphotericin B (AmB) is a polyene antibiotic derived from Streptomyces nodosus and it is widely utilized for treatment of systemic fungal infections [1, 2] . It is well known that AmB associates with ergosterol or cholesterol in the ratio of one to one in biomembranes and that plural AmB-sterol complexes aggregate to form transmembrane channels [3] [4] [5] [6] . It is generally accepted that fungi become extinct by the leakage of substances from the inside of the fungic cells on the addition of AmB, since most fungi usually have ergosterol [1, 2] . Because the human body scarcely has ergosterol, it is expected that the side effects of AmB are caused by the presence of cholesterol. The permeability of not only neutral compounds such as water, glucose, and urea but also monovalent ions such as K + , Na + , and Cl − across AmB channels has been reported by many groups [7] [8] [9] [10] . In addition, the formation of several types of AmB channels has been described [3, 7, 8, 11, 12] . Understanding of detailed properties of AmB is very important for treatment of systemic fungal infections. We consider that for this purpose it is essential to characterize the transport of both ions and neutral compounds through the AmB-containing membrane.
In our group, an analytical method on channel properties by use of the planar BLM system has been reported [13, 14] . It is a powerful method to evaluate the amounts of transported ions and their permselectivity. As for a channel-forming peptide gramicidin A (GA), it has been found that GA serves as not only a channel-type transporter but also a carrier-type transporter.
By varying the concentration of the objective electrolyte in aqueous phases, the physicochemical properties of the ion transport have been evaluated in detail. On the other hand, it is impossible to evaluate the amount of neutral compounds transferred across the BLM in a similar manner as above, since they do not have electric charges. In the case of transport of glucose which is one of neutral compounds, the observation of the leakage of glucose from the inside of liposomes seems to be effective in the evaluation of the transport property, since it is easy to detect glucose in the outside solution by amperometric sensors [15] .
In the present work, the influence of AmB on the transport of potassium chloride as an electrolyte and glucose as a non-electrolyte across bilayer lipid membranes in the presence and absence of cholesterol is investigated by considering the electroneutrality and the mass balance in the whole phases.
Experimental

Chemicals
The lipids used for BLMs and liposomal membranes were lecithin (Wako Pure Chem., Ind., Ltd.) and cholesterol (Sigma-Aldrich Co., Ltd.). AmB was purchased from Wako Pure Chem.
Ind., Ltd. All other reagents were of reagent grade and used without further purification.
Measurements of voltammograms for the ion transport across BLMs and thin liquid membranes
The electrochemical cell used for the BLM system was the same as that used in previous works [13, 14] . Two aqueous phases (W1 and W2) were filled with 15 mL of aqueous solutions and were separated with a 0.2-mm thick tetrafluoroethylene resin sheet (Mitsui Fluorochemical Co.).
BLMs were obtained by brushing an n-decane solution of the lipids on a 1.0−mm diameter aperture created on the tetrafluoroethylene resin sheet. The formation of BLMs was confirmed by capacitance measurements and microscopic observations of the internal reflection from the membrane surface. The BLM-forming solution was prepared by dissolving 10 mg of lecithin and 2.5 mg of cholesterol into n-decane in a 1-mL flask. The aqueous solutions contained 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 10 mM bis(2-hydroxyethyl)iminotris-(hydroxymethyl)methane (Bis-Tris) mixtures (pH 7.4). AmB was dissolved into dimethyl sulfoxide (DMSO) in advance to prepare 1.0 mM AmB stock solution.
The AmB solution was added into both two aqueous phases (W1 and W2) to reach the objective concentration.
The electrochemical cell used for the thin liquid−membrane (tLM) system was the same as that for the BLM system. Instead of the tetrafluoroethylene resin sheet, a porous tetrafluoroethylene resin sheet impregnating n-decane containing 4 mg mL −1 lecithin and 2 mg mL −1 cholesterol was used as a separator between W1 and W2. The surface area of the tLM was 1 cm 2 and the thickness was 75 µm. Faraday cage during the measurements in order to decrease background electric noises. All measurements were performed at room temperature (298 ± 3 K).
Preparation of liposome solutions
The mixture of 40 mg of lecithin and 10 mg of cholesterol in a round-bottom flask was dissolved into approximately 30 mL chloroform, and chloroform was removed by a rotary evaporator Model N-1000 (Eyela Co.) to obtain a thin film on the inside surface of the flask.
The lipid film was suspended in 5 mL of 10 mM sodium phosphate buffer solution (NaPB, pH 
Observation of the outflow of glucose or NADH from liposomes
The glucose concentration in the outside solutions of the liposomes was monitored by amperometry with a glucose oxidase/peroxidase/ferrocene-immobilized electrode. This electrode was fabricated according to a previous work [15] , and the details are given in SI. As for the detection of NADH in the outside solutions of the liposomes, a glucose dehydrogenase/1-methoxy PMS-immobilized electrode of which the fabrication method is noted in SI was used.
The enzyme-immobilized electrodes, an Ag|AgCl electrode (in saturated KCl) and a Pt wire were used for the working, reference and counter electrodes, respectively. Amperometric studies were performed on an ALS CHI611A electrochemical analyzer. In case of NAD + measurements, NaPB was used as an electrolyte solution containing 50 mM glucose (pH 7.4).
The applied potentials for the measurement of glucose and NAD + were 0 and 300 mV vs. the Ag|AgCl electrode, respectively. After AmB was added into the liposome suspensions (the final concentration = 10 µM), the concentration of glucose or NAD + was monitored chronoamperometrically. In this work, AmB was dissolved into dimethyl sulfoxide (DMSO) in advance, and it was used as a stock solution. At the end of the measurements, Triton X-100 was added into the liposome suspension at final concentrations of 0.1−0.2 wt.% to completely break the liposomes.
The above measurements were carried out under moderate stirring with a magnetic stirrer at 278±1 K. and Cl -moved from W1 to W2 across the BLM at the EW1-W2, j=0. From the fact under the situation that the EW1-W2, j=0 value is negative, and we can conclude that the transport of K + across the BLM is much faster than that of Cl -in the case of the cholesterol-free BLM [16] . At any EW1-W2, the current fluctuation due to the channel-type transport was not observed.
Results and Discussion
Ion transport across BLMs in the absence or presence of cholesterol
Normal pulse voltammograms (lines 1-3), which were obtained to decrease the influence of charging current, for the ion transport across the tLM is depicted in Fig. 2 . The current density in the presence of AmB (line 2) was larger than that in the absence of AmB (line 1). Since the thickness of the tLM (75 µm) is much larger than that of the BLM (about 6 nm), AmB cannot form any channels penetrating the tLM. Therefore, it is clear that the facilitation of the ion transport current is caused by the AmB−induced carrier−type transport. Because the carrier-type transport is observed even when a channel-forming compound (gramicidin A) is used as a transporter [13, 14] , it can be concluded that the ion transport across the BLM is ascribed to the carrier−type transport. When the concentration of KCl in W1 was 10 times higher than that in W2 (line 3), the EW1-W2, j=0 value was about -40 mV. Since the junction potential between W1 and RE1 was negligibly small, the negative shift of the EW1-W2, j=0 is attributable to the difference between the transport number of K + and that of Cl -. This means that the carrier-type transport in the tLM system has the cation selectivity.
On the other hand, it has been widely accepted that AmB forms channels in the presence of cholesterol [3, 9, 10, 17] . Curves 1, 2 and 3 of at the third scan showed about +20 mV. Simultaneously, jW1-W2 at a given EW1-W2 decreased with time up to 120 s. After 120 s from the addition of AmB, the EW1-W2, j=0 value was kept constant at about 20 mV but the current continuously increased with time, as shown by curves 3, 4 and 5 in Fig. 3 . The current due to the channel transport maintained for more than several hours at least.
This result indicates that the main transport mechanism was changed from the carrier-type transport to the channel-type transport around 120 s after the addition of AmB and that the ion transport property changed from the cation permselectivity to the anion permselectivity. Since
AmB molecules spontaneously distribute from W1 and W2 to the BLM, AmB might initially (Fig. S1) . Therefore, it is considered that the time−dependent characteristics are attributed to the change in the transport mechanism from the carrier type to the channel type. after the addition of Triton X-100 is depicted in the inset of Fig. 4 (A) . The glucose concentration increased after the addition of Triton X-100. Consequently, it is concluded that glucose molecules cannot pass through the AmB channels.
The time dependence of glucose transport by AmB in the absence of cholesterol
As for the cholesterol-free system, the glucose concentration in the outside solution of the liposomes slowly increased as shown in Fig. 4 (B). When Triton X-100 was added 13 h after the addition of AmB, the glucose concentration scarcely increased. This indicates that glucose is in equilibrium between the inside and outside of the liposomes. However, the increase in the rate of the glucose transport in the outside solution of the liposomes was much smaller than the predicted values (the broken line in Fig. 4 (B) ), which were evaluated based on the simple diffusion model. This unexpected drop in the outflow rate might be caused by the aggregation of AmB in the aqueous phase, as described below.
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